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Induction of the Cell Cycle Regulatory Gene p21 (Waf1, Cip1)
ollowing Methylmercury Exposure in Vitro and in Vivo. Ou,
. C., Thompson, S. A., Ponce, R. A., Schroeder, J. L., Kavanagh,
. J., and Faustman, E. M. (1999). Toxicol. Appl. Pharmacol. 157,
03–212.

Methylmercury (MeHg) is recognized as a significant environ-
ental hazard, particularly to the development of the nervous

ystem. To study the molecular mechanisms underlying cell cycle
nhibition by MeHg, we assessed the involvement of p21 (Waf1,
ip1), a cell cycle regulatory gene implicated in the G1 and G2

hases of cell cycle arrest, in primary embryonic cells and adult
ice following MeHg exposure. Previous literature has supported

he association of increased p21 expression with chondrocyte dif-
erentiation. In support of this finding, we observed an increasing
21 expression during limb bud (LB), but not midbrain central
ervous system (CNS) cell differentiation. Both embryonic LB and
NS cells responded to MeHg exposure with a concentration-
ependent increase in p21 mRNA. In the parallel adult study,
57BL/6 female mice were chronically exposed to 10 ppm MeHg
ia drinking water for 4 weeks. While there was limited or absent
nduction of Gadd45, Gadd153, and the g-glutamylcysteine syn-
hetase catalytic subunit, p21 was markedly induced in the brain,
idney, and liver tissues in most of the animals that showed
eHg-induced behavioral toxicity such as hyperactivity and

remor. Furthermore, the induction of p21 mRNA was accompa-
ied by an increase in p21 protein level. The results indicate that
he activation of cell cycle regulatory genes may be one mechanism
y which MeHg interferes with the cell cycle in adult and devel-
ping organisms. Continued examination of the molecular mech-
nisms underlying cell cycle inhibition may potentially lead to
tilization of this mechanistic information to characterize the
ffects of MeHg exposure in vivo. © 1999 Academic Press
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Methylmercury (MeHg)3 is recognized as a significant e
ironmental hazard, particularly to the development of
ervous system. While the poisoning episodes in Japan
950s and Iraq in the 1970s have led us to recognize the m
ealth effects associated with MeHg exposure, the pote
evelopmental effects associated with prolonged low l
eHg exposure, such as through maternal ingestion of

ood, remain uncertain. One of the main obstacles to asse
he risk associated with low level MeHg exposure comes
ur inability to identify critical early events that lead to toxic
nd that occur before the onset of neurobehavioral chan
To understand the effect of MeHg on the CNS, sev

tudies have attempted to characterize histopatholo
hanges, which may manifest as neurobehavioral altera
ollowing in utero exposure to high or moderate doses
eHg, neuronal displacement and loss in the fetal bra
bserved upon histological examination (Choiet al., 1978;
aradaet al., 1977). However, the identification of simil
tructural changes associated with lower doses of MeHg
osure, a more common human exposure profile, often
Laphamet al., 1995). With high doses of MeHg exposu
lterations in both neuroblast proliferation and neuronal
ration are implicated in the observed histological cha
Clarkson, 1991). The effects of lower doses may also inv
imilar alterations in cell cycling and cell migration, wh
ay be too subtle to detect upon gross histological exam

ion. Therefore, to identify more subtle changes presum
ssociated with lower doses of MeHg exposure, one app
ay lie in the identification of molecules that are involved

ell cycling or cell migration and are responsive to MeHg
We have studied the molecular mechanism underlying

ell cycle alteration by MeHg for several reasons. First, a

i-

of
i-
l:

3 Abbreviations used: ANOVA, analysis of variance; BrdU, 5-bromo9-
eoxyuridine; Cdks, cyclin-dependent kinase; CNS, midbrain central ne
ystem; DEM, diethylmaleate; EB, ethidium bromide; Gadd genes, gr
rrest and DNA damage responsive genes; GCS-HC,g-glutamyl cysteine
ynthetase heavy chain subunit; Hoechst, Hoechst 33258; LB, limb bud;
itogen-activated protein; MeHg, methylmercury; PCNA, proliferating
uclear antigen; RB, retinoblastoma; SAPK, stress-activated protein kin
ase.
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204 OU ET AL.
ble evidence from studies using human autopsy sam
nimal tissues, and cells exposedin vitro demonstrate tha

mpaired cell proliferation is a consistent and sensitive
oint of MeHg toxicity (Howard and Mottet, 1986; Miura a

mura, 1987; Ponceet al., 1994; Rodieret al., 1984; Sager
988; Vogelet al., 1986). Second, because normal deve
ent requires precisely timed cellular proliferation and dif
ntiation, perturbation of the cell cycle could potentially
lain the multiple toxic effects of MeHg on the develop
NS. Moreover, neuronal proliferation and migration are
ssarily coregulated to ensure proper development (Chaeet al.,
997; Nakaymaet al., 1996; Takahashiet al., 1996). Finally
nderstanding the molecular mechanism underlying the
ycle alteration by MeHg may potentially lead to the iden
ation of markers for studying effects associated with
oses of MeHg exposurein vivo.
Activation of signal transduction pathways with subseq

nduction of cell cycle regulatory genes has been propos
ne potential mechanism underlying cell cycle arrest resu

rom environmental insults. Among those cell cycle regula
enes identified to date are the tumor suppressor proteins
21 (Waf1, Cip1), Gadd153, and Gadd45. Distinct signal tr
uction pathways leading to induction of Gadd genes and
ave clearly been identified in response to specific type

njuries. For example, the cytotoxic agents taxol and cisp
an each induce cell cycle arrest via the induction of Gadd
ut only cisplatin exerts this effect via the activation of tyros
rotein kinase pathways (Gatelyet al., 1996). Further, Gad
enes and p21 can each be activated by a variety of ext

ular signals that modify cellular thiol-redox status and incre
ntracellular calcium levels (Bartlettet al., 1992; Chenet al.,
992; Fornaceet al., 1989; Russoet al., 1995). However
xidative stress resulting from DEM exposure induces exp
ion of p21, but not Gadd45 (Russoet al.,1995). Finally, DNA
amage-induced p21 expression occurs via a p53-depe
athway (el Dieryet al., 1993), while expression of p2

nduced by oxidative stress is p53-independent (Russoet al.,
995). Similarities in effects on calcium homeostasis (Haet
l., 1993) and oxidative stress (Yee and Choi, 1994) betw
any of these agents and MeHg suggest that MeHg-ind

ell cycle alterations may also involve the activation of spe
ignaling pathways resulting in the induction of cell cy
egulatory gene expression.

The cell cycle regulatory gene p21 was originally discove
s a prime mediator for p53-induced G1 arrest following DNA
amage (el Deiryet al., 1993). p21 is a negative regulator
everal cdks that are each involved in the progressio
ifferent cell cycle phases (Xianget al., 1996). By inhibiting

he activity of G1 cdks, p21 is believed to inhibit the cell cyc
ransition at the G1–S margin by blocking RB protein pho
horylation (Harperet al., 1993). In addition to its role in th
1 transition, p21 also inhibits DNA replication in the S ph
y suppressing the ability of the PCNA to activate D
olymerases (Wagaet al., 1994). More recently, emergin
g q
es,
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vidence has also supported the role for p21 in control o
2–M transition (Waldmanet al., 1996), cell senescence, a

erminal differentiation (Parkeret al., 1995).
We hypothesize that MeHg-induced alteration of calc

omeostasis and oxidative stress can activate a distinct
ransduction pathway, leading to the observed cell cycle a
tion. To test this hypothesis, our first step is to identify

arget cell mediators. We have previously shown that
ctivation of Gadd45 and Gadd153 (Ouet al., 1997) is asso
iated with the dose-dependent alteration of cell cyclin
rimary embryonic CNS cellsin vitro (Ponceet al.,1994). The
resent study examines whether another cell cycle med
21, participates in the cell cycle alterations induced by Me

n addition, to determine whether the induction of cell cy
egulatory genes such as p21 occursin vivo, an initial investi-
ation in adult mice following chronic low dose MeHg exp
ure is presented. The study here provides further evidenc
nduction of cell cycle regulatory genes may underlie the
ycle changes induced by MeHg exposure.

METHODS

Cell culture. Primary micromass cultures were prepared according t
rocedure described by Flint (1983) and modified by Ribeiro and Faus
1990). Briefly, gravid uteri were removed from pregnant (12.5 day po
tum) Sprague–Dawley rats (Bantam and Kingman Universal, WA). Em
nic midbrain CNS and limb bud (LB) cells were dissected and dissoc

nto single cell suspensions and plated as 10-ml aliquots at a concentration
3 106 cells/ml for CNS and 23 107 cells/ml for LB. Ham’s F-12 medium

ontaining 10% fetal bovine serum, 50 U/ml penicillin, 5 mg/ml streptomy
nd 5.8 mg/mlL-glutamine was added to the cultures after a 2-h attach
eriod. The dishes were then incubated at 37°C with 95% air/5% CO2 and
00% humidity for 5 days. All cell culture reagents were purchased
IBCO Life Technology Inc. (Grand Island, NY).

Chemical treatments. The stock solution of methylmercury(II) hydroxi
1 M) (Alfa Aesar, Ward Hill, MA) was prepared as 1 mM in water. A fi
oncentration of MeHg was further diluted in water and then applied in
ulture medium to Day 1 cultures (24-h postplating). Colchicine (Sigma
ouis, MO) stock solution was prepared in water and further diluted in cu
edium. CNS and LB cells were cultured in a Plexiglass chamber with
ir/5% CO2 and 100% humidity and placed in an incubator at 37°C (Ponet
l., 1994). Cytotoxicity and differentiation were assessed 24 and 48 h
eHg and colchicine treatments and on Day 5 cultures.

Cytotoxicity and differentiation assessment.Cell viability was monitored
y the uptake of neutral red on the basis that neutral red is only accum

n lysosomes of viable cells (Whittaker and Faustman, 1992). CNS diff
iation was assessed with hematoxylin staining, in which the intensi
taining is correlated with degree of neurite extension and neuronal dif
iation (Whittakeret al., 1994). Differentiation of LB cells was quantified
lcian blue staining of sulfated proteoglycans, a marker that is express
ifferentiated LB cells (Whitaker and Faustman, 1992). The intensit
ematoxylin and Alcian blue staining was quantified by image analysis (A

can Innovision-videometric 150, San Diego, CA).

Cell cycle analysis. Cell cycling rate was determined as the fraction
ells successfully reaching a new G0/G1 phase and was measured by Br
Sigma) and Hoechst (Sigma) analysis as previously described (Ormero
ubbies, 1992; Rabinovitchet al.,1983). Cells that undergo DNA synthesis

he presence of BrdU substitute BrdU for thymidine. Accordingly, as B
uenches Hoechst fluorescence but not EB fluorescence, this substituti
on will
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205METHYLMERCURY-INDUCED P21 GENE EXPRESSION
esult in the appearance of a new cell population on an EB–Hoechs
ytogram concomitant with a reduced fluorescence along the Hoechs
Ormerod and Kubbies, 1992; Rabinovitchet al., 1983). In brief, BrdU, at
nal concentration of 80mM, was added to cultures in conjunction with Me
reatments. At the end of exposure period, cells were harvested under s
amp illumination to avoid BrdU-induced photosensitization. The cell p
as then suspended in 500ml of 1.2 mg/ml Hoechst/10% DMSO (v/v; Sigm
nd frozen at280°C until all the time points were collected. Cells were tha
nd placed in phosphate-buffered saline buffer containing 0.154 M NaC

Tris, pH 7.4, 0.5 mM MgCl2, 0.2% bovine serum albumin, 0.1% Nonid
40, 5.9mg/ml Hoechst, and 3mg/ml EB. Flow cytometry was performe
sing a 5256 18-nm bandpass filter for Hoechst emission and a 580-nm
ass filter for EB emission and analyzed according to the method of Orm
nd Kubbies (1992) using the software program MultiPlus (Phoenix
ystems).

Animal treatments. Animal housing and exposure of MeHg for Studie
nd B were conducted according to the procedures previously describedet
l., 1997). In brief, C57BL/6 female mice 4 weeks of age were allowe
cclimate for 2 weeks prior to the beginning of the study and were arbit
laced into dose groups of 0, 3, or 10 ppm MeHg with methylmer
ydroxide administered in the drinking water for 4 weeks. Twice we
nimals were weighed, water was changed, and fluid consumption w
orded for the duration of the study. MeHg dosing solutions were verifie
tated concentrations by cold vapor atomic absorption spectrophotomet
ames Woods, University of Washington, Seattle, WA). During the s
eriod, any abnormal neurobehaviors, including hyperactivity, scoliosis,

ng deficits, posterior paresis, and tremor were recorded without knowled
reatment history. At the end of the 4-week exposure period, tissues (
iver, and kidney) from control and MeHg-treated animals were disse
uick-frozen immediately upon procurement, and stored at280°C until RNA

solation. In Study B, in addition to the mRNA expression analysis, sele
issue and blood samples from control and 10-ppm treatment groups
ollected for MeHg analysis by cold vapor atomic absorption spectropho
try (Frontier Geosciences Inc., Seattle, WA).

Northern blotting. Total RNA was isolated using Trizol Reagents (Gi
RL, Grand Island, NY) according to the manufacturer’s instructions. Fi
icrograms of RNA was electrophoresed in a 1% formaldehyde agaro
nd transferred to a nylon membrane (GeneScreen Plus, DuPont NEN, B
A) using the downward transfer method by Turboblotter (Schleicher
chuell, Keene, NH). A32P-labeled cDNA probe (1.2 kb Kpn I–Sac I fragm

or p21) was prepared by a random priming method (Ambion, Austin,
he membrane was prehybridized for at least 1 h at60°C in a hybridization
uffer containing 100mg/ml denatured salmon sperm DNA, 10% dext
ulfate, 1 M NaCl, and 1% SDS. The hybridization was then carried out in
ame buffer with 4–83 105 cpm/ml [32P]cDNA probe (60°C, overnight
ollowed by washing (23 SSC, 0.1% SDS; 13 SSC is 5 mM NaCl and 1 mM
aCitrate) at room temperature for 15 min and a high stringency wash3
SC, 0.1% SDS) at 60°C for 50 min. For detecting message levels o

RNA, 10 ng rat/human 18S rRNA antisense probe, 59-CACCTCTAGCG-
CGCAATAC-39, was labeled by an end-labeling method using T4 kin

Gibco BRL) at 37°C for 30 min. Hybridization was performed in a hyb
zation buffer containing 0.1% SDS, 100mg/ml salmon sperm DNA, 53
enhardt’s (0.02% Ficoll, 0.02% polyvinylpyrrolidone 360, 0.2% bov
erum albumin), 63 SSPE (1.0 M NaCl, 60mM NaH2PO4, pH 7.4, 60mM
DTA, pH 7.4) at 52°C for at least 6 h. The relative expression of p21 m

evels between control and MeHg-treated samples was determined by
itometer (Scanmaster 3, Howtek, Hudson, NH) with subsequent normali
o the intensity of the 18S rRNA signal to ensure equal sample loading

Western blotting. Brain, kidney, and liver tissues were weighed and d
nto small pieces. Approximately 100 mg of tissue was homogenized in 0
ce-cold RIPA buffer (10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% NP
.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA) with a cockta
rotease inhibitors (10mg/ml PMSF, 2mg/ml aprotinin, 5mg/ml leupeptin, 1
M pepstatin A, 100mM benzamidine). Following incubation on ice for
 30 l
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in, the homogenates were centrifuged at 15,000g for 20 min at 4°C to obtai
otal cell lysates. Protein concentration was determined by the BCA m
Pierce, Rockford, IL). One hundred micrograms of protein per sample
eparated by electrophoresis on a 12% SDS–PAGE gel for p21 protein
ion. Protein samples were further transferred to Protran Nitrocellulose
ranes (Schleicher and Schuell) followed by Ponceau S staining to verify
ample loading and transfer. Western Blotting analysis of p21 protein
erformed using enhanced chemiluminescence (Amersham Life Scienc

ington Heights, IL) with a purified rabbit polyclonal antibody against a pep
orresponding to amino acids 146–164 from the carboxyl terminus of h
21 (Santa Cruz Biotechnology, Santa Cruz, CA) and anti-rabbit IgG H
onjugated secondary antibody (Amersham Life Science).

Immunoprecipitation. Briefly, cleared protein lysates were immunop
ipitated with a 5mg p21 polyclonal rabbit antibody or an anti-rabbit I
ntibody (Santa Cruz Biotechnology) in RIPA buffer containing 0.1% B
ach sample was incubated with tilting for 1 h at 4°C, followed by an
dditional 2-h incubation at 4°C with 2.5 mg protein A–Sepharose (Pharm
iscataway, NJ). The samples were then washed three times with RIPA

ollowed by another wash with 10 mM Tris–HCl, pH 7.4, and separate
DS–PAGE electrophoresis on a 12% gel. Immunoblotting was perfo
ith a p21 polyclonal rabbit antibody (Santa Cruz Biotechnology) and
anced chemiluminescence detection (Amersham Life Science).

Statistical analyses. Levels of p21 mRNA expression among Days 1, 2
nd 5 of CNS and LB cultures were analyzed by ANOVA; when approp
ost-hoc testing (Dunnett) was used to determine whether expression le
ays, 2, 3, and 5 differ from those on Day 1 atp 5 0.05 (Miller, 1981). Level
f p21, Gadd45, Gadd153, and GCS-HC mRNA expression among contr

reatment groups were analyzed by ANOVA, and, when appropriate, po
esting (Dunnett) was used to determine whether the treated groups diffe
he controls atp 5 0.05 (Miller, 1981). All analyses were performed
YSTAT for Macintosh (SYSTAT, Inc., Evanston, IL).

RESULTS

evelopmental Expression of p21 mRNA in CNS and LB
Cultures

Primary CNS and LB cells were prepared from Gesta
ay 12 embryos and cultured for 5 days. Primary embry
NS and LB cells undergo differentiation over the 5-
ulture periodin vitro, as indicated by the increasing expr
ion of neuronal differentiation markers in CNS cells and
ulphated polysaccharides in LB cells (Whittakeret al.,1994).
ncreased expression of p21 is associated with terminal d
ntiation of many cell types including myoblasts (Halevyet al.,
995). We found a differential expression of p21 mR
ssociated with differentiation in CNS and LB cultures
radual decrease in the expression of p21 mRNA from Da

o 5 in CNS cells was consistently observed, however t
hanges are not significantly different (Fig. 1). For exam
canning densitometry measurements from three separa
eriments revealed that mRNA expression levels of p2
ay 5 were 606 12%, respectively, of those on Day 1 for C
ells. In contrast, for LB cells, a marked increase in
xpression from Days 1 to 5 was observed (p , 0.05). The
verage expression of p21 on Days 3 and 5 of LB cultures
00 6 230 and 5806 130%, respectively, of the express

evels on Day 1 (Fig. 1).
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206 OU ET AL.
oncentration-Dependent Decrease in Cell Viability and
Cell Cycling Following MeHg Exposure

The neutral red uptake assay is a measure of relative
ers of viable cells and therefore measures the combined
f MeHg on both cell lethality and proliferation. Cell cycli
ates were determined as the proportion of cells succes
ompleting a round of cell cycle, which can be measure
rdu–Hoechst labeling followed by flow cytometric detect
s previously described (Ormerod and Kubbies, 1992; R
vitchet al.,1983). Following MeHg exposure for 24 and 48
dose-dependent decrease in number of viable cells an

ycling rates were observed, and alteration of cell cyc
ppeared to be a more sensitive end point compared t
ecrease in viable cells (Table 1). For example, followin
M MeHg exposure for 24 and 48 h, the percentage of
uccessfully completing one cell division was only 25

FIG. 1. Changes in p21 mRNA levels during differentiation of CNS
B cells in cultures. Micromass primary CNS and LB cells were prepared
ultured for 5 days. Total RNA was isolated on Days 1, 2, 3, and 5 o
ulture. Northern analysis was carried out as described in Methods
epresentative blot is shown. Following hybridization with a32P-labeled p21
DNA probe, blots were stripped and reprobed with a32P-labeled probe fo
8S rRNA. (a) A representative blot showing differential expression of
uring differentiation of CNS and LB cells in cultures. (b) Quantification
21 relative mRNA levels during differentiation of CNS and LB cells
ultures. Northern blotting with subsequent densitometry scanning was u
uantify mRNA levels. The levels on Days 2, 3, and 5 are expressed re

o those on Day 1. Bars represent the means6 SEM of three independe
xperiments. When no error bars are observed, the SEM falls within th
ymbol. *Significantly different from the expression levels of Day 1 (p ,
.05).
m-
ect

lly
y

n-

ell
g
he
2
ls
d

3%, respectively, of concurrent untreated controls, while
ercentage of viable cells was 67 and 33% of respe
ontrols. In these experiments, we also used the microtu
nhibitor colchicine as a positive control to delineate the r
ionship between effects of MeHg on cell viability and c
ycling. Following 2mM MeHg treatment for 24 h, the numb
f viable cells was 676 11% of control untreated cells. A
imilar levels of cytotoxicity, 25 nM of colchicine resulted
more pronounced inhibition of cell cycling (99% inhibitio

ompared to MeHg-treated cells, which showed approxim
5% inhibition (Table 1). Following 2mM MeHg treatment fo
8 h, cell cycling rate declined to only 13% of untrea
ontrols. Alternatively, at similar levels of cell cycle inhibitio
eHg appeared to be the more lethal agent; the surviv
NS cells was 33% of untreated controls in MeHg-treated
ompared to 46% of untreated controls in colchicine-tre
ells at 48 h (Table 1).

nduction of p21 mRNA Expression in Primary Embryonic
CNS and LB Cells Following MeHg Exposure

We have previously demonstrated a dose-dependent i
ion of mRNA for the growth arrest genes Gadd45
add153 following MeHg exposure in primary CNS cells (
t al., 1997). To further understand the mechanisms of
ycle alteration in MeHg-exposed cells, we determi
hether p21, another regulator involved in control of cell cy
rrest, can also be activated following MeHg exposure. On
of the cultures, corresponding to 24 h postplating, prim
NS and LB cells were treated with 1 or 2mM MeHg for 24 h.
orthern blotting and densitometric scanning of resultan

oradiographs were used to determine the relative mRNA
ression in control and treated cells. As shown in Fig. 2, M
aused a dose-related induction of p21 mRNA in both CNS
B cells. Compared to untreated controls, 2mM MeHg expo-
ure for 30 h causes a 2156 12% increase in the proportion
2–M phase cells with a corresponding decrease (406 3%) in

he S phase population (Ponceet al.,1994). At this concentra
ion, we observed an average increase in p21 mRNA ex
ion of 2.06 0.4-fold for CNS cells and 2.66 0.5-fold for LB
ells compared to untreated control cells (Table 2). The m
itude of p21 mRNA induction in MeHg-treated embryo
ells, however, is less profound than that of Gadd45
add153 (Ouet al., 1997). For example, upon 2mM MeHg
xposure for 24 h, the fold induction of Gadd45 and Gadd

s approximately 6.2 and 4.9 in CNS cells and 3.9 and 5
B cells, respectively. GCS-HC expression is induced foll

ng subchronic and chronic MeHg exposure in adult mo
rain and kidney (Liet al.,1996; Woods and Ellis, 1995). W
ound that with 24 h MeHg exposure, the expression
CS-HC mRNA levels was strongly induced in LB cells,
ot in CNS cells (Table 2).
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207METHYLMERCURY-INDUCED P21 GENE EXPRESSION
nduction of p21 mRNA Expression Following Chronic
MeHg Exposure in the Adult Female Mouse

In order to determine whether the induction of p21 by Me
ccursin vivo, we conducted chronic MeHg exposure in
eloping embryos as well as in female adult mice. While
nalysis of embryonic data is still in progress due to the

or a highly sensitive technique to measure gene express
mbryos, we report here the results from the adult stud
omparison. Adult female mice were exposed to MeHg (
0 ppm) in their drinking water for 4 weeks, an exposure l

hat was chosen to simulate a likely human exposure p
Harada, 1977), and has been shown to cause developm
alformations in mice (Thompson, 1996). During the st
eriod, body weight development and fluid consumption w
ecorded, and any abnormal neurobehaviors, including h
ctivity, scoliosis, placing deficits, posterior paresis,

remor were recorded without prior knowledge of treatm
istory. In both studies, no significant differences in b

TAB
Dose–Response Relationship for Effects of MeHg Treatment on

24-h treatment

Cell viability Cell cy

MeHg (mM)
0 100 20.4 6 3.8
1 85.56 6.1* 13.2 6 1.6
2 66.56 11.2* 5.0 6 1.4
4 24.66 12.2* 0.0 6 0.0

Colchicine (nM)
12.5 89.46 8.9* 17.5 6 4.5
25 69.36 7.8* 0.256 0.2

Note.CNS or LB cells were treated with 0, 1, or 2mM MeHg for 24 or 48
o control untreated cells. Cell cycling rate was expressed as the fra
rdu–Hoechst staining and flow cytometry. The value in parentheses in

he means6 SEM from a least four independent experiments.
* Significantly different from control cells.

FIG. 2. Changes in p21 mRNA levels following MeHg exposure of C
nd LB cell cultures. CNS or LB cells were treated on Day 1 with 0, 1,
m MeHg for 24 h, and total RNA was isolated for Northern analysis.

ranscript level of 18S rRNA was used to control for equal loading of RN
ach lane. A representative blot is shown.
-
e
d
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eight development and fluid consumption between co
nd treatment groups were found.

Study A. At the end of 4-week exposure period, anim
ere examined for symptoms of toxicity and tissues w
btained for Northern blot analysis. Animals in the 3-p
roup did not reveal any overt toxicity or mRNA induction
ny of the genes examined. In the 10-ppm group, three o
nimals showed overt MeHg toxicity, including hyperactiv
coliosis, placing deficits, posterior paresis, and tremor. U
xamination, none of the animals appeared to have any
rgan abnormalities. Interestingly, the induction of p21 mR
xpression was only observed in animals that showed sig

oxicity. An estimation of 6.86 1.4, 12.96 2.1, and 13.76
.3-fold increase in p21 mRNA was observed in the br

iver, and kidney tissues of these animals, respectively,
ontrol animal levels (p , 0.05; Fig. 4a). In contrast, a sign

1
ll Viability and Cell Cycling in Primary Embryonic CNS Cells

48-h treatment

g Cell viability Cell cycling

(100) 100 56.66 5.9 (100)
(64.7) 60.76 7.1* 40.76 3.9* (71.9)
(24.5) 33.16 0.5* 7.46 2.1* (13.1)
(0) 4.86 2.2* 1.56 1.2* (2.6)

(84.5) 80.46 0.4* 56.06 17.0 (98.9)
(1.2) 46.36 6.6* 9.06 0.0* (15.9)

ell viability was determined by neutral red uptake and was expressed
n of cells successfully completing one round of cell cycle, and dety
tes the percentage of response relative to control untreated cells. All tvalues are

TABLE 2
Fold Induction of p21 mRNA Expression, in Comparison to
CS–HC Following MeHg Exposure in Primary Embryonic CNS

nd LB Cells

Genes

CNS LB

1 mM 2 mM 1 mM 2 mM

21 1.56 0.1 2.06 0.4* 1.46 0.3 2.66 0.5*
CS-HC 1.16 0.1 1.26 0.1 3.96 0.9* 5.46 0.1*

Note.CNS or LB cells were treated with 0, 1, or 2mM MeHg for 24 h and
otal RNA was isolated for Northern analysis of p21 and GCS-HC expres
he mRNA expression levels were determined by scanning densitom
ormalized to the intensity of the 18S rRNA, and expressed relative to c
ntreated cells, whose value is set at 1.0. Values shown are the means6 SEM

rom four independent experiments.
* Significantly different from control cells.
LE
Ce

clin

*
*
*

*
5*

h. C
ctio

dica
a
m
t
e



i 15
( th
s

on
o o
i -pp
t sig
o en
o eH
c orte
( mic
w
b th
t io
w ow
s di
n Th
a wh

s
e
1 d to
t id
n , and
G sed
a

I

gula-
t
i e in
p rease
i its
p vels
f lysis
w tedly
o ney,
a epre-
s ho-
l cog-
n sitive
c dem-
o liver
t tive
b ney
i the
W ex-
p was
u tion,
s tially
b The
s ased
e liver

m
F

154
1 nce
t A, n
a

ia drinking
w kidney, an
l

208 OU ET AL.
cantly lower induction was observed for Gadd45, Gadd
Ou et al., 1997), and GCS-HC mRNA expression under
ame treatment regimen.

Study B. By the end of the 4-week exposure period, n
f the animals in the 3-ppm group showed either toxicity

nduced expression of any examined genes. In the 10
reatment group, four animals appeared to show various
f toxicity. Tissue MeHg and inorganic Hg analysis at the
f the 4-week period revealed a correlation between M
oncentrations and p21 mRNA expression levels in the c
Table 3). The average MeHg levels in 10-ppm-exposed
ere 22,8006 2300 ng/g in cortex and 16,0006 800 ng/g in
lood. The amount of inorganic Hg was less than 5% of

otal Hg in the cortex. A strong elevation of p21 express
as observed in three of 10-ppm-exposed mice that sh
igns of toxicity, while the other animal in the same group
ot show p21 induction compared to untreated controls.
verage increase of p21 mRNA expression in animals

TABLE 3
Relationship Between MeHg, Inorganic Hg Content, and p21
RNA Expression in the Cortex Region of Female Mice Brain
ollowing MeHg Exposure for 4 Weeks

Animal no.
MeHg
(ng/g)

Inorganic Hg
(ng/g)

Relative p21
mRNA

Blood levels
(ng/g)

127 111 NA 1.0 NA
154 20,757 370 1.0 16,922
155 21,512 640 4.8 16,531
159 22,869 NA 4.8 15,628
151 26,055 NA 6.72 15,039

Note.Animal 127 was one of the unexposed controls. Animals 151,
55, and 159 received 10 ppm MeHg exposure for 4 weeks. MeHg co

ration was determined by the cold vapor atomic fluorescence detector. N
vailable.

FIG. 3. Changes in p21 mRNA levels following MeHg exposure of a
ater for 4 weeks. This representative blot shows a Northern analysis o

iver of control and MeHg-treated animals. The transcript level of 18S r
3
e

e
r
m
ns
d
g
x
e

e
n
ed
d
e
o

howed p21 induction was 4.56 0.1- and 5.56 0.6-fold
levations in the cerebellum and cortex and 22.76 4.8- and
7.56 5.6-fold elevations in the liver and kidney, compare

hose in unexposed animals (p , 0.05; Figs. 3 and 4b). We d
ot observe a significant increase of Gadd45, Gadd153
CS-HC mRNA transcript in any of the 10-ppm-expo
nimals (Figs. 3 and 4b).

ncreased p21 Protein Levels Following MeHg Exposure

We have shown that MeHg exposure results in the up-re
ion of p21 mRNA in primary embryonic CNS cellsin vitro and
n adult CNSin vivo.To further determine whether the increas
21 mRNA upon MeHg exposure is accompanied by an inc

n protein levels, which ultimately allows p21 to engage in
hysiological role in cell cycle, we examined p21 protein le

rom control and MeHg-exposed animals. Western blot ana
as intially used to detect p21 protein levels. We repea
bserved two bands at approximately 21 kDa in the brain, kid
nd liver of adult mouse tissues (Fig. 5a). The upper band r
ents the 25-kDa IgG light chain dissociated from the IgG
oantibody, which is present in many tissues and may be re
ized by the secondary antibody. Further analyses using po
ontrol cell line lysates that expressed only the lower band
nstrated increased p21 protein levels in brain, kidney, and

issues of animals with p21 mRNA induction. A representa
lot showing the induction of p21 protein expression in the kid

s shown in Fig. 5a. We also confirmed the specificity of
estern blot analysis by performing an immunoprecipitation

eriment with an anti-p21 antibody. An IgG control antibody
sed to demonstrate the specificity of the immunoprecipita
ince the constant region of the p21 antibody could poten
ind to many proteins cross-reactive with the p21 antibody.
pecificity of the p21 signal was demonstrated and incre
xpression of p21 protein was observed in brain, kidney, and

,
n-
ot

lt mouse tissues. Female adult mice were exposed to 10 ppm MeHg v
xpression levels of p21 and GCS-HC mRNA in the cerebellum, cortex,d
A was used to control for equal loading of RNA in each lane.
du
f e
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209METHYLMERCURY-INDUCED P21 GENE EXPRESSION
issues of 10-ppm-exposed animals. A representative blot i
nalysis of kidney tissues is shown (Fig. 5b).

DISCUSSION

The studies presented here demonstrate that MeHg can
dose-dependent activation of p21 in primary embryonic
nd LB cellsin vitro. Furthermore, p21 gene expression, c
elated with MeHg contentin situ, is markedly induced at bo
he mRNA and protein levels in adult tissues (kidney, li

FIG. 4. Fold induction of p21 mRNA expression in adult mice follow
0 ppm methylmercury exposure for 4 weeksin vivo. (a) Study A: Femal
dult mice were exposed to 10 ppm MeHg through drinking water for 4 w
orthern blot analysis and subsequent densitometry scanning were u
uantify relative mRNA levels. The transcript levels are normalized to
ibosome message levels and are expressed relative to those in cont
reated animals, whose value is set at 1.0. Three of five animals sh
ymptoms of toxicity accompanied by a strong induction of p21 mR
xpression and, to a lesser degree, Gadd45 and GCS-HC. No induc
add153 was observed. Bars represent the mean of fold induction from
nimals6 SD. When no error bars are observed, the SD falls within the
ymbol. (b) Study B: Four animals in the 10-ppm treatment group sh
igns of toxicity accompanied by the induction of p21 mRNA expres
here was a limited induction of Gadd45, Gadd153, and GCS-HC. *Si
antly different from unexposed controls (p , 0.05).
he

icit
S
-

,

erebellum, and cortex) following chronic low dose Me
xposurein vivo. p21 is implicated in the control of cell cyc
rrest, and the activation of p21 gene expression observ
ur study is consistent with previously described effect
eHg on cell cycle kinetics (Ponceet al., 1994) and on th

nhibition of DNA synthesis (Royet al., 1991). Together, th
bservations here support the hypothesis that MeHg com
ises normal cell cycle progression at the molecular lev
eveloping embryos.
Pathological examination ofin utero MeHg-exposed brai

issues from several animal species reveals diffuse cell
cross all brain regions (Reviewed in Burbacheret al., 1990).
he observed cell loss may be due either to increased cell
r decreased cell proliferation and cycling upon exposu
eHg. Subsequent experimental studies on the develo

odent CNS demonstrated inhibitory effects on mitotic acti
t brain MeHg concentrations that did not cause overt tox
Rodier et al., 1984; Howard and Mottet, 1986). Consist
ith previous findings, inhibition of cell cycling appears to
sensitive gauge of MeHg exposure in primary embry

NS cells. By comparing the percentage of viable cells
hat of cells undergoing active cell cycling following MeH
xposure, we show that a substantial fraction of observed

oss can be explained by impaired cell cycling. By compa
he data from colchicine and MeHg-treated cells, the cu
tudy further indicates that MeHg-induced cytotoxicity can
e fully explained by its effects on cell cycling. It is likely th
eHg-induced cytotoxicity occurs via pathways indepen
f cell cycle inhibition. Cells from p53 and p21 knockout m
ay be employed to investigate the relationship betw
eHg-induced cytotoxicity and cell cycle inhibition. Furth

tudies should also address whether MeHg-induced a
alcium homeostasis (Hareet al., 1993) and oxidative stre
Yee and Choi, 1994) are ultimately linked to its effect on
ycling.
The consequences of cell cycle alteration from MeHg e

ure may underlie, in part, the vulnerability of the develop
NS to MeHg. In the mature adult CNS, cell cycle arrest

epresent a cellular defense mechanism. For example, p
hought to maintain genome integrity by initiating a p
ependent G1 checkpoint arrest, to allow DNA repair or t

nduction of apoptosis to eliminate the proliferation of ge
cally damaged cells following genetic insults (Clarkeet al.,
993; Kastanet al., 1991; Kuerbitzet al., 1992; Loweet al.,
993). However, the activation of cell cycle arrest as a resu

oxic insults may have a far reaching impact on developm
evelopment of the CNS is a highly temporally and spat

egulated process, and a transient or sustained cell cycle
ay interfere with the timing of critical developmental w
ows. This hypothesis is supported by studies showing tha
ild-type mice capable of initiating cell cycle arrest and a
tosis are more susceptible to agent-induced malforma
ompared with p53 null mice (Wubahet al., 1996).
The primary effect of MeHg on cell cycle progression
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hought to involve a G2–M arrest, via its inhibitory effect o
icrotubule assembly (Miuraet al.,1984; Vogelet al.,1985).
owever, several lines of evidence also suggest that M
ay interfere with other components of the cell cycle mac
ry, such as effects seen in the S and G1 phases (Graffet al.,
993; Ponceet al., 1994; Vogelet al., 1986). For example
sing taxol, MeHg effects on microtubule polymerization w
eversed while DNA synthesis remained inhibited (Royet al.,
991). Furthermore, MeHg induced microtubule disasse
as demonstrated using purified microtubules under a
xposurein vitro (Miura et al., 1984; Vogelet al., 1985); the
iological plausibility of this mechanism remains to be de
ined. In the present study, we demonstrate the inductio
21 expression following chronic MeHg exposurein vivo, a
cenario meant to mimic the human exposure profile. We
reviously shown that MeHg exposure induces a dose-de
ent increase in Gadd45 and Gadd153 mRNA expressi
rimary embryonic cells (Ouet al., 1997). Although p21 an
add45 were first discovered for their association with1
rrest, evidence regarding their role in G2–M is emerging
Waldmanet al.,1996). The induction of genes involved in c
ycle arrest may provide an alternative explanation for
bserved cell cycle alterations by MeHg.
In addition to its role in the control of cell cycle progressi

21 has an important function in the terminal differentiatio
everal cell types. The association of p21 with muscle
ifferentiation is supported by the findings in which an
reased expression of p21 is associated with MyoD-ind
uscle cell differentiation (Halevyet al.,1995). We show tha

ncreased expression of p21 is associated with LB but not
ell differentiation. Our observations are consistent with
ral previous findings in which an increased expression o

s observed in postmitotic muscle cells, but not in embry
rain and spinal cord during embryogenesis (Parkeret al.,

FIG. 5. A representative blot showing changes in p21 protein levels
0 ppm MeHg via drinking water for 4 weeks. This figure shows a repres
rotein expression in brain and liver tissues of 10-ppm-exposed animals
idney of control and MeHg-exposed animals. (b) Immunoprecipitation fo
nd MeHg-exposed animals. Immunoprecipitates prepared with an antib
DS–PAGE and immunoblotted with the anti-p21 antibody. For referen
995), and increased p21 expression is associated with chn
g
-

e

ly
te

-
of

ve
n-
in

e

,
f
ll

d

S
-
1

c

rocyte differentiation (Stewartet al.,1997). Our results ther
ore add to the current literature in support of the hypoth
hat p21 is associated with differentiation of some cell ty
uch as LB, but not others, such as CNS cells.
Despite the differential expression of p21 during the co

f CNS and LB differentiation, a similar dose-dependent a
ation of p21 was observed in both cell types following Me
xposure. These findings suggest that, while p21 is engag

he differentiation pathway for certain cell types, induction
21 and the resulting cell cycle changes in response to M
xposure may be a common cellular mechanism.
Comparing the response of several genes to chronic M

xposure in adult tissuesin vivo,we found that p21 is the mo
esponsive gene of all those tested, suggesting that p21
rovide a means for the direct characterization of the effec
eHg on cell cyclingin vivo. It is not known yet whether th
arked induction of p21 observed in adult CNS reside
eurons or glia. As opposed to embryonic CNS cells, w
ndergo cell cycling, the adult CNS is composed of postmi
eurons and other cell types. Glia are one of the major

ypes in the adult CNS, and in some regions they outnum
eurons by 10 to 1 (Gordon, 1994). Future studies invol

he use of immunocytochemistry andin situ hybridization
echniques should identify specific cell types associated
21 induction in the adult CNS. In addition, further stud
hould address whether MeHg is the ultimate chemical sp
nderlying the induction of p21. Conversion of MeHg

norganic Hg in the adult CNSin situ is shown to be
rominent event following chronic low dose MeHg expos
nd inorganic Hg is implicated as the proximate species fo
umber changes of astrocyte and microglia in adult prim
Charlestonet al., 1995, 1996). Therefore, in addition to t
ocalization of p21 induction to specific cell types such

owing MeHg exposure in adult mouse tissues. Female adult mice were
tative blot from the analysis of kidney tissues, which reflects similar chap21
) Western blot analysis was used to detect the expression of p21 proteivels in the
ed by Western analysis was used to detect the protein levels in the kidneof control
y against human p21 or rabbit IgG (as indicated above the panel) wered by
the positions of molecular weight markers (kDa) are shown.
foll
en
. (a
llow
od

ce,
on-eurons or astrocytes, future studies should also involve the
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211METHYLMERCURY-INDUCED P21 GENE EXPRESSION
oncurrent determination of Hg speciation in order to iden
g species responsible for the observed p21 induction.
Upstream events and signal transduction pathway leadi

he induction of p21 by MeHg remains to be determined.
ycle arrest in responding to interferon is mediated throug
nduction of p21 and is resulted from the activation of tra
ucers and activators of transcription (STAT) proteins (Chet
l., 1996). p21 is identified as a nonenzymatic inhibitor
APKs, a subfamily of the MAP kinase (Shimet al.,1996). A

ikely mechanism for the induction of p21 by MeHg lies
roduction of oxidative stress. For example, oxidative s
roduced by glutathione depletor DEM can activate ER
ubfamily of the MAP kinase, leading to the induction of p
Russoet al., 1995). Oxidative stress-induced p21 may
ediated via the p53 and NFk B pathway. Accumulation o

eactive oxygen species can induce a signaling pathwa
olving tyrosine kinase and NFk B (Andersonet al., 1994).
F k B can further bind to the p53 promoter and regulate
xpression of p53 gene (Wu and Lozano, 1994) and pos
ctivate the p53 downstream molecule, p21. Alternativ
eHg-induced p21 may be activated by altered calcium

entration. p21 induction has been linked to MAP kin
athway (Russoet al., 1995) and JNK kinase, a MAP kina

amily member, is activated by Pyk2 tyrosine kinase follow
ignals that increase intracellular calcium (Tokiwaet al.,
996).
Our data indicate that cell cycle regulation is an impor

omponent of MeHg toxicity in the primary embryonic C
n vitro. In concordance with previous findings (Ouet al.,
997), these results suggest that MeHg-induced cell c
rrest may be mediated, in part, via the induction of
ycle regulatory genes. Furthermore, our study provid
ethodological framework for the identification of oth

ignaling pathways converging on the induction of
ycle regulatory genes and cell cycle alteration by Me
nd helps to close an important gap in current understan
f the developmental toxicity of MeHg. The induction
21 by MeHg reported here should stimulate the searc
ther cell cycle regulatory molecules contributing to Me

oxicity in vivo and result in improved assessments of
ssociated with low level MeHg exposure.
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